Proteus mirabilis, a gram-negative bacterium, is among the most prevalent isolates from individuals with complicated urinary tract infections (cUTIs) (61) . cUTIs affect patients whose urinary tracts are subjected to long-term catheterization or have functional or anatomic abnormalities, and such infections occur via the ascending route (6) . Consequences of P. mirabilis cUTIs include catheter encrustation, the formation of urinary stones (urolithiasis), renal scarring, and progression to bacteremia (41) . Catheter encrustation caused by these infections can block the flow of urine through the catheter. In addition to the possibility of causing permanent renal damage, the formation of stones, due to the action of the bacterial enzyme urease, may make infections difficult to clear due to the presence of bacteria within the stones, where P. mirabilis may be shielded from the action of antibiotics (35) .
Catheter-associated cUTIs are the most commonly occurring nosocomial infections, with more than one million cases documented each year in the United States (57) . The prevention of P. mirabilis-caused cUTIs would improve patient care and quality of life and reduce the substantial economic burden associated with the treatment of these infections. Since infection does not appear to protect fully against reinfection (27) , a vaccine is a logical goal for several reasons. First, patients with known urinary tract abnormalities and patients at the onset of long-term catheterization could be specifically targeted for vaccination due to the high incidence of cUTIs in these populations. Second, P. mirabilis infections are very difficult to clear due to the presence of bacteria within the urinary stones (35) . Third, based on studies of the urease and mrpH genes, there is evidence that virulence factor genes are well conserved among different strains of P. mirabilis, which supports the notion of a cross-protective vaccine (33, 40) .
Immunization with heat-killed bacterial preparations or prior infection offers little protection (27, 34) . Purified fimbrial preparations, however, protect mice from subsequent transurethral challenge (31, 33) . Three different structural fimbrial proteins have also been used in vaccine studies, with various degrees of success: MrpA, UcaA, and PmfA (47) . In a recent study, one of these structural proteins, MrpA, was expressed in the food-grade bacterium Lactococcus lactis (51) . Mice were intranasally immunized with L. lactis expressing MrpA prior to transurethral challenge and had significantly lower levels of bacterial colonization in the kidneys than controls. In another study, an outer membrane vaccine significantly protected mice from death, renal colonization, and renal damage (39) . One of the most promising vaccines to date consists of the N-terminal domain of MrpH (the tip adhesin of the MR/P fimbria) fused to domains of cholera toxin (32) . Previously, a translational fusion of MrpH and the cholera toxin A2 subunit was coexpressed with the cholera toxin B subunit; the vector used for vaccine expression replaced the toxic A1 subunit of cholera toxin with MrpH (24) . The result of the expression of this construct is the spontaneous assembly of a single chimeric protein that contains both an antigen (MrpH) and an adjuvant (cholera toxin), which mediates highly effective delivery to the systemic and mucosal immune systems (18) . Although this vaccine was able to protect mice from infection, we have con-cerns about the efficacy of a vaccine targeting solely this adhesin since the mrp operon is capable of undergoing phase variation (64) . For this reason, we believe it to be prudent to identify additional antigens for inclusion in a multivalent vaccine.
In this study, we used an immunoproteomic approach to identify additional surface-exposed antigens of P. mirabilis. Fractions enriched for outer membrane proteins were isolated from bacterial cells, and proteins were separated by two-dimensional (2D) gel electrophoresis. Immunoreactive proteins, identified by Western blotting using sera from mice with experimental P. mirabilis urinary tract infections, were submitted for mass spectrometry analysis. Using the recently completed genome sequence (46) , this study identified 37 immunoreactive antigens, including 23 outer membrane proteins. Five antigens were assessed for their roles in virulence in the murine model of ascending urinary tract infection.
MATERIALS AND METHODS
Strain and culture conditions. P. mirabilis HI4320 was cultured from the urine of a catheterized nursing home patient with bacteriuria (41) . Luria broth (LB; 10 g of tryptone, 5 g of yeast extract, and 0.5 g of NaCl per liter) and nonswarming agar (10 g of tryptone, 5 g of yeast extract, 0.5 g of NaCl, and 15 g of agar per liter) were used to culture bacteria. Minimal medium (200 ml of 5ϫ M9 salts [64 g of Na 2 HPO 4 ⅐ 7H 2 O, 15 g of KH 2 PO 4 , 2.5 g of NaCl, and 5 g of NH 4 Cl per liter], 2 ml of 1 M MgSO 4 , 20 ml of 20% glucose, and 100 l of CaCl 2 per liter) was inoculated with a 1:100 dilution of P. mirabilis cultured overnight in LB. Iron limitation was achieved by the addition of 15 M desferoxamine (M. Pearson and H. Mobley, unpublished data) to LB cultures. Osmotic stress was induced by the addition of 0.3 M NaCl to LB or minimal medium (3). Urine was collected from three healthy human donors, pooled, filter sterilized, and stored at Ϫ20°C until use. All cultures were incubated at 37°C with aeration (200 rpm) unless otherwise noted.
Isolation of outer membranes. A modification of the method of Piccini et al. (48) was used for the isolation of outer membranes. Bacteria were harvested by centrifugation (10,000 ϫ g for 15 min at 4°C) and washed twice in 10 mM HEPES, pH 7.4. Cells were lysed by two passes through a French pressure cell (manufactured by the American Instrument Company, a division of Travenol Laboratories Inc., Silver Spring, MD) at 20,000 lb/in 2 . Intact bacteria were cleared by centrifugation (10,000 ϫ g for 15 min at 4°C). Supernatants were centrifuged (90,000 ϫ g for 45 min at 4°C) to pellet membranes from the lysate. Membrane pellets were resuspended in a solution containing 10 mM HEPES (pH 7.4), 10 mM MgCl 2 , and 2% Triton X-100. Following an hour-long incubation at 37°C, Triton X-100-insoluble fractions (enriched for outer membrane proteins) were collected by centrifugation (90,000 ϫ g for 45 min at 4°C). Pellets were washed in a solution containing 10 mM HEPES (pH 7.4), 10 mM MgCl 2 , and 2% Triton X-100. The resulting outer membrane-enriched pellets were resuspended in isoelectric focusing (IEF) solution (7 M urea, 2 M thiourea, 1% amidosulfobetaine-14, 40 mM Tris, 2 mM tributylphosphine, and 0.5% Bio-Lyte 3/10). Protein was quantified by using a 2D Quant kit (Amersham Biosciences).
2D gel electrophoresis. The method of Molloy et al. (42) for 2D gel electrophoresis was adapted. A 17-cm pH 4 to 7 ReadyStrip IPG strip (Bio-Rad) was rehydrated for 16 to 24 h with 350 l of IEF solution containing outer membrane protein. IEF was conducted under the following conditions in a Protean IEF cell (Bio-Rad): 250 V for 20 min, 10,000 V for 2.5 h, and 10,000 V for 40,000 V ⅐ h. Prior to the second dimension, strips were equilibrated for 20 min at room temperature by rocking in a solution of 0.15 M bis-Tris-0.1 M HCl, 6 M urea, 2% (wt/vol) sodium dodecyl sulfate (SDS), 20% (vol/vol) glycerol, 5 mM tributylphosphine, and 2.5% (wt/vol) acrylamide. Samples were run on 10% polyacrylamide gels, as described previously (42) . The cathode buffer contained 0.2 M taurine, 25 mM Tris, and 0.1% (wt/vol) SDS, and the anode buffer contained 0.384 M glycine, 50 mM Tris, and 0.1% SDS. Gels were run at a constant current of 50 mA at room temperature until completion and then stained for 24 h in colloidal Coomassie blue G-250 (43) . Unstained Precision Plus protein standards (Bio-Rad) were used as molecular weight standards. Proteins corresponding to immunoreactive spots on Western blots (described below) were cut from gels using a clean razor blade and submitted for mass spectrometry analysis. Sera. Sera were obtained from mice 42 days after experimental urinary tract infection with P. mirabilis as part of a previous study (27) . In the present work, we used preimmune sera and postrechallenge sera from that study. Sera from 20 of the mice were individually screened for reactivity to P. mirabilis proteins by Western blotting (details are given below). The five sera with the strongest reaction to P. mirabilis lysate were pooled in equal amounts and used in all further studies.
Western blotting. Proteins were transferred onto an Immobilon-P polyvinylidene difluoride membrane (Millipore) for 1 h at 400 mA and 4°C. After transfer, membranes were blocked with 5% milk in TBS-T (0.05% Tween, 100 mM Tris [pH 7.5], 9% NaCl). Membranes were incubated with shaking at room temperature in the presence of sera diluted in TBS-T. After one 15-min wash and three 5-min washes in TBS-T, secondary antibody was applied to the membrane. Goat anti-mouse immunoglobulin G (IgG) conjugated to horseradish peroxidase (1: 100,000 dilution in TBS-T) was applied for 45 min with shaking at room temperature. Precision StrepTactin-horseradish peroxidase conjugate (Bio-Rad), used for ladder detection, was added to the secondary antibody incubation mixture. The wash procedure was repeated, and detection was performed with an Amersham ECL Plus Western blotting detection system by following the protocol recommended by the manufacturer (GE Healthcare). To screen sera from individual mice, a 1:1,000 dilution was used. After sera were combined, a 1:10,000 dilution of the pooled sera was used in all further experiments.
Mass spectrometry. Proteins were identified either by peptide mass fingerprinting (PMF) or tandem mass spectrometry (MS/MS). PMF was performed by personnel at the University of Michigan Protein Structure Facility. Samples were digested with trypsin by using the Millipore Montage system, cocrystallized with alpha-cyano-hydroxy-cinnamic acid (sample/alpha-cyano-hydroxy-cinnamic acid ratio, 1:1), and analyzed via matrix-assisted laser desorption ionization-time of flight mass spectrometry. ProteinProspector software (http://prospector.ucsf .edu), along with the preliminary genome annotation (46) , was used to identify proteins in PMF samples. MS/MS analysis was performed by the Michigan Proteomics Consortium according to the protocols described on the website (http://www.proteomeconsortium.org/protocols.html). Briefly, samples were digested with trypsin, and spectra were acquired by using a model 4700 proteomics analyzer (Applied Biosystems). The eight most intense peaks in each spectrum were selected for MS/MS. Ion scores are available upon request.
Construction of mutants. Insertional mutants were constructed using the TargeTron system (Sigma), as described by Pearson and Mobley (45) . Briefly, genes were disrupted by the insertion of an intron (containing a kanamycin resistance gene) which was targeted specifically to each gene of interest by using a set of three primers (designated by the gene name and the suffixes IBS, EBS1d, and EBS2, as listed in Table 1 ) in a mutagenic PCR. This mutated intron region was ligated into the vector pACD4K-C. Resultant plasmids were sequenced to confirm proper retargeting of the intron. Correctly retargeted plasmids were introduced into electrocompetent P. mirabilis HI4320 containing the helper plasmid pAR1219 (14) by electroporation. Transformants were selected on agar containing kanamycin and screened by PCR for an insertion in the appropriate gene by using the screening primers listed in Table 1 .
CBA/J mouse model of urinary tract infection. Cochallenges and independent challenges of CBA/J mice were carried out as described previously by using a modified Hagberg protocol (23, 28) . Because bacteria are introduced via a catheter and because P. mirabilis urease catalyzes crystal and larger stone formation, this system can be classified as a model of cUTI. Briefly, single colonies were picked from a fresh plate and used to start overnight cultures in LB. On the day of inoculation, cultures were diluted with LB to an optical density at 600 nm of approximately 0.2. For independent challenges, mice were inoculated transurethrally with 50 l (containing approximately 10 7 CFU). For cochallenge experiments, the dilute wild-type and mutant cultures were pooled in a 1:1 ratio and mice were inoculated with 50 l of this mixture (containing approximately 10 7 CFU). After 7 days, urine was collected, mice were euthanized, and their bladders, kidneys, and spleens were harvested and transferred into sterile tubes containing phosphate-buffered saline (0.138 M NaCl, 0.0027 M KCl, pH 7.4). Tissues were homogenized (Omni TH homogenizer; Omni International) and plated onto agar plates by using a spiral plater (Autoplate 4000; Spiral Biotech). For independent challenges, all samples were plated onto LB agar. For cochallenges, all samples were plated onto both LB agar plates and LB agar plates containing 25 M kanamycin. Since the mutant strains carried a kanamycin resistance gene, the colony counts from the kanamycin plates represent mutant bacteria only; LB agar plates allow the growth of both mutant and wild-type colonies. Statistical significance for independent and cochallenge experiments was assessed by using the Mann-Whitney test and the Wilcoxon matched-pairs test, respectively.
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RESULTS
Mice with experimental P. mirabilis urinary tract infections have varied antibody responses. In our previous study, mice were transurethrally infected with 10 7 CFU of P. mirabilis HI4320 and, 4 weeks later, treated with antibiotics for 4 days to clear the infection. Following a 3-day washout period, the same mice were challenged with 10 6 CFU. Sera were collected 7 days after reinfection (42 days after the initial infection) (27) . In the present study, sera from 20 of these mice were individually screened for reactivity to P. mirabilis proteins. Proteins in a P. mirabilis HI4320 cell lysate were separated by SDS-polyacrylamide gel electrophoresis, transferred onto a polyvinylidene difluoride membrane, and screened by Western blotting with a 1:1,000 dilution of sera from individual mice. Preimmune sera at a 1:1,000 dilution were also screened by Western blotting (data not shown). Sera showed some diversity in antigen recognition, which may reflect differences in the severity of the individual infections; all postinfection sera were reactive. Equal volumes of the five most strongly reacting sera were pooled and used for all further Western blot analyses (Fig. 1) . The five corresponding preimmune sera were also pooled for use as a control.
Sera from infected mice recognize outer membrane antigens. P. mirabilis was cultured in LB with aeration at 37°C, and fractions enriched for outer membranes were isolated by differential centrifugation and detergent solubilization. Proteins in the outer membrane-enriched fractions were separated by 2D gel electrophoresis ( Fig. 2A ). Proteins were screened by Western blotting using the pooled sera at a dilution of 1:10,000 (Fig. 2B) . Antigens that reacted with sera were excised from a duplicate Coomassie blue-stained gel and identified by mass spectrometry.
Proteins expressed in vivo are not necessarily expressed in rich culture medium. To identify antigens that may not be expressed in LB, we used additional culture conditions that may more closely mimic in vivo conditions during urinary tract infection. For example, P. mirabilis was cultured in pooled human urine and also in minimal medium. Since these media are presumably more nutrient limited than LB, bacteria may require the synthesis of additional proteins for growth that may not be required during growth in LB. The production of these additional proteins increases the number of potential antigens screened. A study of the transcriptome of uropathogenic Escherichia coli (UPEC) during mouse infection suggested that the urinary tract is iron limited and characterized by high osmolarity (55) . Therefore, we also isolated protein from P. mirabilis HI4320 cultured in media that mimic these conditions: LB containing 15 M desferoxamine (an iron chelator) and LB containing 0.3 M sodium chloride, respectively. The use of these culture conditions enabled the identification of nine additional antigens that were not expressed in LB, including four outer membrane proteins that appear to be related to iron acquisition (PMI0409, HmuR2, IreA, and PMI2596). In total, 37 P. mirabilis antigens were identified. Twentythree antigens are predicted to reside in the outer membrane (Table 2 ). An additional 14 proteins, not predicted to be present in the outer membrane, were also identified as immunoreactive antigens (Table 3) .
Selection of potential vaccine candidates. For the present study, five representative antigens were chosen for analysis. We chose at least one antigen per category listed in Table 2 , with the exception of lipoproteins, motility proteins, and toxins. We did not pursue these three classes of proteins for specific reasons. Lipoproteins are generally on the inner leaflet of the outer membrane and may not, therefore, be exposed to the surface. There are two copies of the gene encoding flagellin that can recombine to form antigenically distinct flagella (8, 9, 44) . Since the flagella formed by this recombination event are antigenically distinct, a vaccine employing FlaA as a protective antigen may not be able to target bacterial cells expressing , recently identified as an autotransporter that is both a cytotoxin and an agglutinin (2), is being assessed as a vaccine candidate in a separate study (P.
Alamuri and H. Mobley, unpublished data). We specifically chose FadL and RafY for further study because structures of similar proteins have been resolved and reveal the presence of extracellular loops (19, 53, 60) . If these proteins in P. mirabilis Putative lipoprotein
Other proteins PMI1199 Putative exported protein
a †, assessed for contribution to virulence (Table 4) ; *, corresponding protein is not on gel shown in Fig. 2 but was identified from a subsequent gel. b Bold letters correspond to proteins identified directly by mass spectrometry. Letters in parentheses correspond to proteins identified by the comparison of electrophoretic mobilities to those of identified proteins on other gels. E, exponential phase; S, stationary phase; MM, minimal medium. 
a †, assessed for contribution to virulence (Table 4) ; *, corresponding protein is not on gel shown in Fig. 2 but was identified from a subsequent gel. b Bold letters correspond to proteins identified directly by mass spectrometry. Letters in parentheses correspond to proteins identified by the comparison of electrophoretic mobilities to those of identified proteins on other gels. E, exponential phase; S, stationary phase; MM, minimal medium. have similar structures, these extracellular loops may be accessible to the immune system during infection. We also chose to study two putative outer membrane iron receptors, PMI0842 and PMI2596. The urinary tract is an iron-limited environment, and another uropathogen (UPEC) upregulates a number of antigenic iron acquisition outer membrane proteins during growth in urine (4, 22, 55) . Additionally, the use of iron receptors as protective antigens against E. coli, Haemophilus influenzae, and Haemophilus ducreyi infections demonstrates that iron receptors can be used successfully in vaccines (1, 50, 62) . We also investigated the role of one of the antigens not predicted to be in the outer membrane, PMI0047. Although this protein is not an ideal vaccine candidate (since it is not predicted to be surface exposed), it was recognized by sera from infected mice. Thus, it is produced during urinary tract infection of mice and may have a role in pathogenesis. Two outer membrane antigens involved in iron acquisition contribute to P. mirabilis virulence in the urinary tract. We reasoned that if a protein target is both antigenic and actively required for colonization, it is more likely to serve successfully as a protective antigen for vaccination. For example, if a surface protein is being used as a protective antigen, any bacterium that attempts to escape the host immune response by downregulating this protein will be less likely to persist in the host if the protein is required for colonization. To determine the contributions to virulence, we investigated the roles of five representative antigens (described above) in the colonization of the murine urinary tract. Isogenic insertional mutations in the genes encoding each of the potential vaccine candidates were constructed. Genes were disrupted by the insertion of an intron carrying a kanamycin resistance gene by the method of Pearson and Mobley (45) . All mutations were confirmed by PCR (data not shown). The growth of each mutant in LB was tested independently; none of the mutants had growth rates significantly different from that of the wild-type strain (data not shown).
Mutants were tested in the murine model of ascending urinary tract infection by cochallenge with wild-type P. mirabilis. Mutant and wild-type bacteria were mixed in a 1:1 ratio. This suspension was used to inoculate mice transurethrally at a total inoculum of 10 7 CFU per mouse. After 7 days, urine was collected and mice were euthanized. Urine, bladders, kidneys, and spleens (as an indicator of systemic infection) were quantitatively cultured to determine levels of colonization by both wild-type and mutant strains. Based on data from the cochallenge experiments (Table 4) , PMI0047 (secreted 5Ј nucleotidase), RafY, and FadL do not appear to contribute to the colonization of the urinary tract. Mutant bacteria with interruptions in genes encoding these proteins colonized the urinary tract in numbers similar to those of wild-type bacteria. Two outer membrane iron receptors did, however, contribute to the colonization of the urinary tract by P. mirabilis (Fig. 3) . The strain PMI0842::Kan was outcompeted by the wild-type strain at statistically significant levels in both the bladder and kidneys (P Ͻ 0.05 for both tissues) (Fig. 3B) . Also in the cochallenge experiments, strain PMI2596::Kan bacteria were recovered from kidneys in significantly lower numbers than wild-type bacteria (P Ͻ 0.05) (Fig. 3D) . As a control, in vitro cocultures were performed, in which the mutant and wild-type strains were mixed in a 1:1 ratio and used to inoculate the culture medium. Neither mutant was outcompeted by the wildtype strain (data not shown). Thus, the mutants retained wildtype growth rates in vitro and likely were not outcompeted in vivo due to an in vitro growth defect.
Due to the striking phenotypes of these mutants (particularly that of PMI0842::Kan) in cochallenges, each mutant was tested for virulence in independent challenges. While cochallenges are more sensitive than independent challenges in de- In each experiment, 10 mice were cochallenged; the numbers shown correspond to the numbers of live mice remaining at the ends of the experiments. Urine collection from each mouse was not always possible; therefore, data for urine are based on a lower number of samples, as follows: PMI0047::Kan-WT challenge, 7; PMI0288::Kan-WT challenge, 4; PMI0842::Kan-WT challenge, 4; PMI1810::Kan-WT challenge, 5; and PMI2596::Kan-WT challenge, 5.
c The limit of detection was 1.00 ϫ 10 2 CFU per ml of urine or per g of tissue. Any sample with levels below this limit was considered to contain this amount for statistical analyses. The colonization data shown are the median values for a given group of mice. *, statistically significant compared to wild-type colonization data for the same organ after cochallenge (P Ͻ 0.05).
d Ratio of the medians of amounts of mutant and wild-type bacteria. A ratio of 1 means that wild-type and mutant bacteria were present at equal levels, a ratio of less than 1 indicates more wild-type than mutant bacteria, and a ratio greater than 1 indicates the presence of more mutant than wild-type cells in the sample.
e Data are shown in Fig. 3 .
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on February 21, 2013 by PENN STATE UNIV http://iai.asm.org/ tecting differences between mutant and wild-type strains because the strains are put into direct competition for niches and nutrients, they cannot conclusively reveal that a putative virulence factor is required for infection. Thus, mice were transurethrally inoculated with either the wild type or the mutant strain at a dose of 10 7 CFU per mouse. After 7 days, urine, bladders, kidneys, and spleens were quantitatively cultured to determine the levels of bacterial colonization. Independent challenge data show that PMI0842 is required for the maximal colonization of the urinary tract (Fig. 3A) . Although the PMI0842::Kan mutant was able to colonize mice, the mutant bacteria were found in significantly lower numbers than wildtype bacteria in both the bladders and kidneys of infected mice (P, Ͻ0.05 and Ͻ0.01, respectively). In contrast, although PMI2596::Kan was outcompeted in cochallenge experiments (Fig. 3D) , in independent challenge experiments the mutant bacteria colonized mice in numbers similar to those of wildtype bacteria (Fig. 3C) .
DISCUSSION
This is the first study to identify outer membrane antigens of P. mirabilis by using an immunoproteomics approach. Here, we identified 37 antigens that reacted with sera from mice experimentally infected in the urinary tract with P. mirabilis. Based on their annotation or homology to other proteins, 23 of these proteins are predicted to reside in the outer membrane. These proteins are attractive as potential vaccine candidates since they are expressed in vivo, are antigenic, and are exposed on the surface of the bacterium (and thus to the immune system). Five representative antigens were selected for further study: PMI0047, RafY, PMI0842, FadL, and PMI2596. Two of these proteins, both putative outer membrane iron receptors (PMI0842 and PMI2596), contribute to the fitness of P. mirabilis in the urinary tract. From this study, PMI0842 and PMI2596 emerge as potential vaccine candidates, since each protein both contributes to pathogenesis and is antigenic. PMI0047, RafY, and FadL do not appear to contribute directly to P. mirabilis HI4320 virulence in the urinary tract, as bacteria with insertionally interrupted copies of the corresponding genes colonized the urinary tracts of mice in numbers similar to those of wild-type bacteria.
This study identified five predicted porins as immunogenic: OmpA, OmpF, OmpW, PMI1017, and RafY. OmpA, OmpF, and OmpW are major outer membrane proteins. PMI1017 appears to be a member of the OprD porin family based on homology to other family members. RafY is predicted to belong to the glycoporin family, a family of proteins that typically allow the passage of sugars across the bacterial outer membrane. Other well-known glycoporins include LamB (maltoporin) and ScrY (sucrose porin). In E. coli, RafY allows growth on raffinose but has been shown previously to be a general diffusion pore rather than a carbohydrate-specific one (5). The role of RafY in P. mirabilis has not yet been determined. The structures of LamB from E. coli and ScrY from Salmonella enterica serovar Typhimurium have been resolved (19, 53) . Both proteins contain extracellular loops which are surface exposed. If the protein structure of P. mirabilis RafY is similar to those of other glycoporins, it may also have surface-exposed extracellular loops and therefore be an attractive candidate for inclusion in vaccine studies.
Four lipoproteins were identified: Pal, DapX, PMI1842 (homologous to YfgL), and PMI1165 (homologous to YeaY). Lipoproteins are typically found on the inner leaflet of the outer membrane. Two of these lipoproteins (DapX, which belongs to the NlpB family, and YfgL) are involved in a complex with outer membrane protein YaeT, which was also identified as an antigen in this study. Although the complex is conserved in gram-negative bacteria, DapX/NlpB and YfgL are not essential for the growth of E. coli (11, 16, 49, 63) . Peptidoglycan-associated lipoprotein (Pal) is released from gram-negative bacteria during sepsis and mediates inflammation and death in mice (25) . Pal is part of the Tol-Pal system, which is conserved among gram-negative organisms (56) . This system has been implicated previously in the maintenance of cell envelope integrity (37) and cell division machinery (21) . Pal has been identified as an antigen in many other bacterial pathogens, including Legionella pneumophila and Campylobacter jejuni (13, 17) . A homologous lipoprotein (P6) in H. influenzae is being assessed as a protective antigen (10, 15, 26, 30) . Although we initially did not choose to investigate Pal as a vaccine candidate since we are aiming specifically for surfaceexposed proteins, these findings from other bacteria suggest that it may warrant further study. Two flagellar proteins were identified: the major flagellin subunit and the flagellar hook protein (FlgE). P. mirabilis carries two copies of the flagellin gene, flaA and flaB (9) . Normally, flaA is expressed and flaB is silent, but the two genes can undergo recombination, resulting in the formation of antigenically distinct flagella (8, 44) . The recombination of the two alleles occurs infrequently in wild-type cells (38) . Such an event must have occurred under our culture conditions, since mass spectrometry data yielded results for both FlaA and FlaB proteins.
We identified five iron-related outer membrane proteins as antigenic. This finding is not surprising considering the important role iron acquisition plays in bacterial pathogens. Indeed, we chose to examine outer membranes from bacteria cultured under iron limitation conditions because the urinary tract is an iron-limited environment. Iron acquisition systems are upregulated in UPEC during infection in the murine model (55) . UPEC upregulates a number of outer membrane iron receptors when cultured in human urine, and many of these have been identified as antigenic (4, 22) . Additionally, P. mirabilis iron-related outer membrane receptors have been identified previously as antigenic both in mice and in human patients (48, 54) . One of these proteins, also identified as an antigen in the present study, was recently identified as HmuR2 (PMI1426) and characterized as a heme receptor that contributes to virulence in the urinary tract (36) .
Two outer membrane antigens predicted to be iron receptors (PMI0842 and PMI2596) contribute to the fitness of P. mirabilis HI4320 during experimental urinary tract infection. PMI0842 was previously identified as a virulence factor by signature-tagged mutagenesis (12) and was recently shown to be upregulated in response to iron limitation (S. D. Himpsl et al., unpublished data). Our cochallenge results confirm the previous finding from signature-tagged mutagenesis. Additionally, our independent challenge data show that PMI0842 is required to achieve maximum colonization of the urinary tract. This result is surprising due to the fact that iron receptors are typically redundant in function; a defect in one system rarely results in attenuation during independent challenges since other iron uptake systems remain functional, as highlighted by Torres and colleagues (59) . The role of PMI0842 in iron uptake in P. mirabilis remains to be determined.
This study is also the first to show a role for PMI2596 in P. mirabilis HI4320 virulence in the urinary tract. Although the independent challenge data show that this protein is not required for virulence, cochallenge data highlight its contribution to colonization in the kidneys. The PMI2596 gene is located roughly 2 kb upstream of the nrp operon, which comprises nonribosomal peptide synthesis genes (20) . NrpG was previously identified by signature-tagged mutagenesis as a virulence factor in P. mirabilis (12) . Interestingly, a strain lacking a functional copy of NrpG was outcompeted by wild-type P. mirabilis HI4320 in the kidneys but not the bladders of mice in a cochallenge experiment (12) , the same pattern we observed with PMI2596::Kan. It is currently unknown if the PMI2596 gene is functionally related to the nrp operon.
Although we were able to identify 37 antigens, we do not believe this study generated a complete list of the outer membrane antigens expressed by P. mirabilis in vivo. The methods used to identify these proteins imposed some limitations. First, we were able to identify only proteins that were abundant enough to be detected by Coomassie blue staining. Also, since we ran the protein samples on a denaturing gel prior to screening with sera, we will have likely missed any conformational epitopes. Finally, we did not detect any fimbrial proteins under any culture condition tested. This result is surprising, especially considering the large number of fimbrial operons contained in the genome (46) . Specifically, we expected to find proteins that make up MR/P fimbriae, since these fimbriae are expressed (although not optimally) under the conditions tested (7) and the sera used in this experiment have previously detected MR/P fimbriae (27) . It is likely that fimbriae were sheared from bacterial cells during fractionation.
This study also identified 14 antigenic proteins that do not appear to be surface exposed. These non-surface-exposed antigens include two apparent DNA binding proteins, a ribosomal protein, various enzymes, and three conserved hypothetical proteins. Since the goal of this study was to identify surface-exposed antigens, these proteins were not investigated further for vaccine studies. Even though these proteins may not be ideal vaccine candidates, they were recognized by sera from infected mice, meaning that they are expressed by P. mirabilis during urinary tract infection and may potentially play a role in pathogenesis. PMI0047 does not contribute to the fitness of P. mirabilis during experimental infection, since bacteria with an interrupted copy of the PMI0047 gene were able to colonize mice in numbers similar to those of the wild-type bacteria. Other proteins on this list, however, may play a role in pathogenesis and are currently under investigation (G. Nielubowicz and H. Mobley, unpublished data).
The sera used to identify antigens in this experiment are from our previous study in which groups of mice were either infected transurethrally with P. mirabilis (vaccinated with live organisms) or sham vaccinated with phosphate-buffered saline (27) . Both groups of mice were then transurethrally challenged with 10 6 CFU of P. mirabilis HI4320 to determine whether having a previous infection protected mice from subsequent infection. Vaccinated mice were colonized in the urine, bladder, and kidneys but had significantly lower colonization levels in the kidneys than the sham-vaccinated mice (P ϭ 0.016).
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Therefore, in the study described here, we identified antigens (which we hope will be protective) by using sera from mice that were not completely protected. It may seem counterintuitive to use sera from nonprotected mice to search for protective antigens, but it is important to point out that these mice had strong immunoglobulin responses to MR/P fimbriae (27) . MR/P fimbriae or protein subunits (MrpH and MrpA) have previously been used successfully in a protective vaccine in the murine model (32, 33, 47, 51, 52) . Even though these antigens can be protective and were present during infection (as evidenced by the strong immunoglobin response that was detected), their presence was not able to protect the mice fully from subsequent infection. Higher levels of antibody to specific proteins induced by subunit vaccinations may, however, be effective in protecting the urinary tract from colonization. The correlates of protection in the urinary tract are not yet well understood. Multiple studies have shown that the production of IgG and IgM in serum does not necessarily correlate with protection (29, 51, 52) . However, data on the production of local IgA and protection are not as clear. Some studies have shown no correlation (51, 52) , while others have suggested one (27, 33) . It is known that antigen-specific responses occur in the urinary tract and accelerate the clearance of at least one uropathogen, UPEC (58) . Future work will determine whether these proteins are conserved among P. mirabilis strains. We are also interested in assessing whether these antigens could provide protection against other bacteria which are commonly found in polymicrobial cUTIs, such as Providencia and Morganella species. Although the corresponding genome sequences have not been published, work is currently under way in our laboratory to determine whether homologs of the genes encoding antigenic P. mirabilis proteins are present in these species (E. Flannery and H. Mobley, unpublished data). We will also determine the extent of protection offered by immunization with selected newly identified antigens in the murine model of urinary tract infection. P. mirabilis antigenic proteins identified in this study are being overexpressed in and purified from E. coli. Mice will be immunized with antigen cross-linked to cholera toxin, which is known to be an effective mucosal adjuvant (18) and has been used previously with P. mirabilis MrpH for an effective vaccine (33) . By taking this approach, we hope to develop an effective vaccine against this agent of cUTIs.
